Self-reporting polymers, which can indicate damage or exposure to excessive stress with a clearly perceptible optical signal, are potentially useful for several technological applications, including stress-sensitive sensors that enable in-situ monitoring of mechanical events and structural health monitoring systems. A versatile and simple concept to realize this function is the exploitation of microcapsules that are filled with solutions of dyes that are released and chemically or physically activated when the protective shell is damaged. Such microcapsules can readily be incorporated into polymers and the composites thus made can be processed into films, coatings, or other objects. Mechanochromic effects can be realized with different types of dyes and activation schemes. In this concept article, a selection of recent key studies is presented to provide an overview of the state of the field. Different architectures and operating principles and their advantages and drawbacks are reviewed. The parameters that influence the design of microcapsule-based mechanochromic systems are considered and unexplored chromophore systems that might be useful to design future self-reporting polymers are discussed. Finally, specific aspects of capsule design, fabrication, and integration into polymers are presented. Throughout the article, challenges and opportunities of the concept are highlighted and possible future directions are discussed.
Introduction
Mechanochromic polymers represent an emerging family of materials which possess the capability to alter their absorption and/or fluorescence characteristics upon application of mechanical force. [1] The possibility to monitor mechanical stress and/or deformation at different length scales is of fundamental interest and a priori useful to study failure and stress transfer mechanisms. [2] [3] [4] Mechanochromic transduction principles can also be exploited to create self-reporting polymers that indicate defects or the application of excessive stress with a clearly perceptible optical signal and which are potentially useful for technological applications such as tamper-evidencing packaging materials or stress-reporting sensors that facilitate the in-situ monitoring of mechanical events. Perhaps the most significant economic and societal impact of such materials could be in the context of structural health monitoring, [5] notably in the aeronautic, [6] automotive, [7, 8] and construction industries. [9, 10] Here, autonomously operating, mechanically responsive materials can offer enhanced reliability and safety vis-à-vis conventional polymers by revealing mechanical damage, wear, or ageing and indicate imminent mechanical failure of structural components via visual warning signs. In addition, maintenance schemes that currently rely on replacing or renovating structural components based on age or service time might in the future be based on the actual need for such changes, as indicated by the built-in monitors. Taking materials' autonomy to another level, there is a significant interest to pair such sensor functions with self-healing capability. [10] Early efforts to devise mechanochromic polymers include the exploitation of conjugated building blocks with conformation-dependent absorption and dyes with morphologydependent absorption and/or emission characteristics. [11] A more recent approach to realize mechanotransduction in polymers is the incorporation of so-called mechanophores. These motifs contain mechanically labile bonds that are reversibly or irreversibly cleaved upon mechanical activation and thereby convert mechanical forces into chemical reactions. [12] [13] [14] Mechanochromic responses can be achieved if such reactions lead to optical changes, for example through the ring-opening reaction of spiropyrans. [15, 16] While the approach has been used to create a broad palette of mechanochromic polymers, the mechanophore must be covalently coupled with the macromolecules, so that significant synthetic efforts are required to use a given motif in different polymers. In addition, the mechanophore activation can usually also be triggered by heat [16] or light [17] which renders the responses unspecific. Finally, it appears that efficient stress transfer to the mechanophores is difficult (or even impossible) to realize in rigid polymers. The mechanically induced dispersion of aggregachromic chromophores embedded in polymeric matrices is an alternative approach to achieve mechanochromic responses. This framework has the advantage of not requiring the attachment of a specific motif to the polymer and thus extensive synthetic efforts for each new system, but the approach proved to be difficult to generalize. [18] A versatile and conceptually simple alternative to realize mechanochromic responses in polymeric materials is the exploitation of microcapsules that are filled with a dye system that is released and chemically or physically activated when the capsule is damaged. [19, 20] Such microcapsules can a priori be readily incorporated in any polymer of interest by simple mixing and without any chemical modification, and mechanochromic effects can be realized with different types of dyes and activation schemes. The concept is reminiscent of the principle exploited in carbonless copy paper [21] and pressure-sensitive recording sheet [22] technologies, where solutions of colorless dye precursors are released from microcapsules upon application of pressure and instantly react with a developer to form a highly colored dye. The concept did not attract much attention in the polymer community, until White and co-workers revisited the idea to release a cargo from breaking capsules to create autonomously self-healing polymer composites. [23] In their pioneering study, the Illinois team incorporated microcapsules filled with a healing agent into a polymer matrix. The healing agent was released upon crack formation and polymerized upon contact with a catalyst embedded in the polymer. A red dye was co-encapsulated with the healing agent to visualize the release of the healing agent in the damaged region; however, as the dye featured the same optical properties within and outside of the capsules, the visual contrast achievable with this particular embodiment was limited. Nevertheless, the study kindled widespread research efforts on self-healing and healable polymers, the sensing of defects in polymers using capsule-release approaches, and combination of these concepts.
While research efforts on microcapsule-based self-healing polymers have witnessed a significant growth during the last 15 years, [24] microcapsule-based materials with mere mechanochromic or self-reporting capability are, quite surprisingly, still limited. Nevertheless, by now there have been numerous reports that document the usefulness and significant potential of this concept to create self-reporting materials. [10] The approach is strikingly simple and versatile in terms of activation modes and responses that can be achieved. Further, the use of microcapsules permits imparting new functionalities to a priori any polymeric material without the need of chemical modification, but instead, simple mixing of the active microcapsules with a polymer of interest. [25] In this concept article, a selection of key studies is reviewed to provide an overview of the state of the research, illustrate the scope, and highlight the potential and challenges. In a first section, different architectures and operating principles are introduced and their respective advantages and drawbacks as well as the historical evolution and improvements are discussed. The physical and chemical parameters that influence the design of microcapsule-based mechanochromic systems are also addressed.
Subsequent sections discuss unexplored chromophore systems that appear to be useful in the context of capsule-based self-reporting polymers, and specific aspects that relate to capsule design, fabrication, and integration into polymers. Throughout, challenges and opportunities of the concept are highlighted and possible future directions are discussed.
Architectures and operating principles
The various architectures and general operating principles that have and can be used to create self-reporting polymers by the introduction of microcapsules filled with dyes or species taking part of a chromic system are illustrated in Figure 1 . The figure illustrates three general approaches that have, in different variants, already been utilized to create release of the cargo to achieve self-reporting materials, as well as a hitherto unexplored fourth concept. The first approach involves the "simple" release of encapsulated, (optionally latent and/or fluorescent, dyes in the damaged region, which diffuse into and stain the matrix surrounding the broken capsules, in the case of latent dyes after interacting with the polymer or an agent contained in the latter. The second concept is based on the combination of two capsule types, containing the two components part of a chromic system. Their release from the capsules allows a physical or chemical interaction inducing a self-reporting response. The third concept implies the release of a cargo that changes its optical properties due to a physical transformation. A fourth, so far hypothetical, framework involves a double encapsulation scheme that involves the compartmentalized release of two interacting species within a protective shell.
"Simple" release of an encapsulated dye
The most basic approach to exploit microcapsules in self-reporting polymer systems involves the integration of dye-containing microcapsules into a polymer of choice, which simply release the dye upon rupture into in the surrounding polymer and color their immediate environment ( Figure 1A ). The formation of poly(urea-formaldehyde) (PUF) oil-in-water emulsions is the most common method to prepare transparent microcapsules with shell thicknesses of the order of a few nanometers and with average diameters in the range of tens to hundreds of μm. [19] , [26] White's group employed this strategy by co-encapsulating a healing agent and a colored dye to visualize the release of the healing agent after damaging the materials. [23] Others extended the approach to healing agents that were laced with fluorescent chromophores, or replaced the healing agent with low-volatility solvents and used fluorescent fluid-loaded microcapsules merely as crack-indicating agent. Upon mechanical damage of the host polymer the microcapsules rupture, release their fluorescent fluid cargo into the damaged region, and the redistribution of the fluorophore can be monitored under UV-light illumination. [27, 28] The main disadvantage of such simple release systems is that the dye displays the same optical properties inside and outside the microcapsules, which limits the contrast and, especially at high microcapsule content, makes a distinction between the intact and damaged material difficult. Credico and co-workers demonstrated that this problem can be overcome by equipping the microcapsules with a UV-light screening shell and employing a UV-sensitive photochromic dye ( Figure 2 ). Dispersed in a poly(ethylene glycol methacrylate) photopolymer film, the dye-loaded capsules were indeed colorless, but once the capsules were damaged, the payload diffused into the matrix and revealed a clearly discernible color change upon UV illumination. [29] A similar concept can also be applied to fluorescent probe molecules, for which no photochromic change is necessary. Postiglione et al. reported a microcapsule-based system in which a UV-light screening polyurea shell prevented the excitation of the fluorescent cargo in intact microcapsules, but upon rupture the released dye fluoresces brightly upon exposure with UV-light and yields an excellent contrast between locally damaged and intact regions of a polyurethane-based coating formulation that was used to demonstrate the usefulness of the capsule system in crack detection experiments. [30] The latter systems document strikingly that on account of the simplicity of the strategy, its versatility with respect to the dye cargo, and its applicability to a large panel of matrix polymers, the "simple" release of an encapsulated dye is an approach that has significant merit. However, to achieve adequate contrast, such release must ideally be coupled with a mechanism that changes the optical properties (i.e., color or fluorescent color) of the dye upon release, ideally generating a high contrast between the "off" (intact) and "on" (damaged) state.
As discussed above, such switching can be achieved by equipping the capsules with an "optical filter", or alternatively, mechanisms that change the properties of the sensor molecules upon release ( Figure 1B ). The various approaches that have been used to achieve this are summarized in the following.
"Turn-on" mechanism based on cargo-matrix interactions
An early example of a capsule-based system displaying a significant "turn-on" mechanism ( Figure 1B ) within a polymer was conceived by the groups of White, Sottos, and Moore, who embedded microcapsules containing the cyclic monomer 1,3,5,7-cyclooctatetraene (COT) in a poly(acrylic acid) matrix containing also the Grubbs-Love ruthenium metathesis catalyst ( Figure 3 ). [31] The colorless conjugated cyclic olefin was employed as it is a precursor of the intensely colored poly(acetylene). Thus, when the composite was scratched, the monomer diffused into the matrix's damaged region and subsequently reacted with the dispersed catalyst, leading to an instant orange/red coloration of the originally colorless material and the sample eventually became purple, on account of poly(acetylene) formation. The authors offered the perspective that the color-generating, damage-indicating COT might be coencapsulated with another monomer, such as dicyclopentadiene, which would also be activated by Grubbs-Love catalyst and enable autonomous damage repair.
The chemical activation of an encapsulated "pro-dye" by a reagent or catalyst present in the matrix has subsequently attracted considerable attention and several materials based on this concept have been reported. For example, a mechanochromic response has been demonstrated by releasing colorless violet lactone leuco dyes into acid-containing acrylic resins. The pH variation incurred to the dye created a visible color change, from colorless to purple, allowing a visual detection of the material damages. [32] Another possibility is to utilize a chemical indicator that does not require additional reagents (e.g., a color developer or a catalyst) or stimulation but which instead displays a color change upon interacting with the matrix polymer. Based on the working principle of carbonless copy paper, [33] pH-sensitive dyes such as 2',7'-dichlorofluorescein were encapsulated and dispersed into various amine-cured epoxy matrices. Mechanical damage in the form of incision, abrasion or compression released the payload into the matrix, where the interaction of the indicator with the residual amine groups led to a pronounced color change, from light yellow to bright red. [34] Several other examples employing this general concept can be found in the literature. [35] For example, thiols were released from either micro-or nanocapsules to selectively react with a rhodamine-based pro-fluorophore contained in a poly(methyl acrylate) film, leading to a fluorescent turn-on effect. [36] Perhaps the biggest disadvantage of relying on chemical reactions to elicit a chromogenic response lies in the questions how reliable such chemistries function over the lifetime of a material and to what extent these reactions are impacted by environmental effects. In addition, the ability to homogenously disperse a required "developer" in the matrix is highly dependent of the polymer, and strategies that rely on interactions with the polymer itself may not readily be broadly applicable to other host materials. As a result, researchers have recently shifted their attention to chromophore systems where physicochemical changes associated with the release from microcapsules trigger an optical change.
Interactions of compounds released from two capsule types
One of the first chemistry-free chromophore systems for capsule-based damage sensing was reported by the Weder group, which explored charge-transfer complexes as indicators for capsule-based damage sensing. Such complexes, which are formed upon assembly of an electron donating and an electron accepting species, are usually strongly colored, on account of an electronic charge transfer from the donor to the acceptor. [37] Relying on a dual capsule approach ( Figure 1C ), toluene solutions of chloranil as an acceptor and hexamethylbenzene as a donor were independently encapsulated in PUF microcapsules and the two capsule types were embedded in a poly(dimethylsiloxane) matrix. This was accomplished by dispersing the capsules in the monomer before curing the composite. The application of mechanical forces in the form of stress, compression or incision caused the capsules to rupture, which led to the formation of a readily visible red charge-transfer complex. One may speculate (although this was not demonstrated in the original study) that the individual encapsulation of two components (as opposed to encapsulating only one and placing the second component simply in the matrix, as for the systems described in Section 2.2) may increase the fidelity of the mechanoresponse. False positive signals due to unspecific cargo release from the capsules may be reduced, if two different capsule types are required to break. The strategy offers the possibility of tuning the color change via the choice of the donor-acceptor pair, and the twocapsule type approach can also be exploited with other interacting (pro)dye types, including fluorophore/quencher or fluorophore pairs displaying energy transfer, upconverting dye pairs, as well as the chemically reactive systems discussed above. Indeed, a "click" reaction generating a fluorogenic response was demonstrated for a dual capsule system in which azides and alkynes were released from poly(vinyl-formal) capsules into an epoxy matrix. [38] 
Aggregation-Induced Optical Changes upon Dye Release
Another possibility to achieve chemistry-free optical changes is the encapsulation of chromophores that change their optical properties on account of the physical changes to their immediate environment upon release from a microcapsule ( Figure 1D ). Luminogens that display an aggregation-induced emission (AIE) turn-on represent one class of sensor molecules explored in this context. These molecules, which have lately attracted much attention, do not exhibit any strong fluorescence when dissolved in a good solvent, on account of vibrational and/or rotational modes that promote non-radiative relaxation pathways for electronically excited states. [39] Aggregation restricts such intramolecular motions so that the emission is turned on or (if not completely suppressed in solution) vastly enhanced.
Exploiting this effect, Robb et al. encapsulated a hexylacetate solution of the widely used AIE luminogen 1,1,2,2-tetraphenylethylene in PUF microcapsules, which were embedded into a variety of polymer matrices, including a polyurethane, poly(acrylic acid), poly(styrene), and a UV-cured epoxy resin ( Figure 4 ). As intended, the pristine microcapsules, and also the intact polymers containing the latter, are colorless and display no fluorescence. However, bright blue fluorescence was observed within minutes after inflicting damage to the neat capsules or the polymer composites, on account of triggering aggregation-induced emission upon releasing the dye from the capsules driven by the solvent evaporation. [40] We recently reported a similar approach which involved fluorescent dyes that display aggregation-induced excimer-formation ( Figure 5 ). Building on previous studies that involved excimer-forming and aggregachromic fluorescent cyano-substituted oligo(phenylene vinylene) derivatives (cyano-OPVs) [18, 41, 42] we selected 1,4-bis(α-cyano-4-(2-ethylhexyloxystyryl))-2,5-dimethoxybenzene (BCEDB) [43] for initial studies, as the emission maxima of solutions and solid powders of this dye differ considerably, both forms are highly fluorescent, and the two ethylhexyloxy groups render the dye highly soluble in organic solvents. Thus, PUF microcapsules filled with a BCEDB hexylacetate solution display bright green fluorescence, whereas damaging the capsules led to a pronounced change of the fluorescence color from green to orange, on account of solvent evaporation, aggregation, and excimer formation. A similar response was observed when the microcapsules were embedded in a silicone rubber and the materials thus made were subjected to mechanical impact, incision, compression, or tensile deformation. One key advantage of using excimer-forming chromophores is that the response is a mechanically induced change of the fluorescence color, rather than a turn-on or turn-off effect, which renders the signal ratiometric. This in turn permits, in contrast to other schemes, a straightforward quantitative assessment. Posterior color analysis of photographs can be employed to monitor the mechanochromic response of this system enabling the quantification of the prior mechanical energy applied to the material. [44] It appears also feasible to extend the approach to "aggregachromic" compounds, i.e., dyes that change their optical absorption characteristics upon self-assembly, either due to conformational changes or on account of charge-transfer interactions. In this case, a readily detectable a color change should be observable.
Other Architectures
Several possibilities exist to further broaden the palette of architectures that can be exploited in the context of self-reporting capsule systems. For example, double-walled microcapsules (i.e. capsules within capsules) represent an un-explored architecture that could offer attractive features ( Figure 1E ). The approach would require an inner capsule with an easily breakable shell and a host capsule with a more elastic wall so that upon compression, the elastic container would deform and translate forces to the inner capsule, inducing its rupture, while the protective shell would remain intact. Chromogenic responses can be achieved by several of the mechanisms discussed before and separately encapsulating two components that are able to generate a colorimetric response upon interaction in the inner and outer capsules. The design should offer more predictable interactions in a more localized position and the mechanism is independent of the environment, i.e., the polymer matrix, rendering the system truly universal.
Microcapsules are not the only reservoir type suitable for the preparation of damage selfreporting materials. Indeed, several other reservoir systems have been shown to be useful in this context. For example, hollow fibers have been explored as dye containers which could be ruptured in polymer matrices releasing their contents upon mechanical damage. This approach has extensively been explored in connection with self-healing materials in which healing agents and indicator dyes served both to fill the hollow fiber and repair the matrix. [45, 46] Vascular networks made of interconnected micro-channels have also been used to visualize the release of healing agents into the damaged region of the materials. Finally, first capsule systems with dimensions on the nanoscale have been employed for similar purposes. [47] Reducing the size of the microcapsules is important for the fabrication of thin coatings in which the thickness is only a few or a few tens of µm.
Useful Chromophore Systems
It is evident from the examples presented in Section 2 that a broad range of dye systems and operating principle can be exploited to create microcapsule-based self-reporting polymers. As previously discussed, such chromogenic systems could rely on the chemical reaction of two components either, one encapsulated and the other embedded in or part of the matrix or both individually encapsulated and reacting through their release within the matrix. Physical changes such as aggregation induced emission, excimer formation, or aggregachromic effects have also shown to be attractive for implementing a turn-on effect or a (fluorescence) color change, which in certain cases can gave access to ratiometric assessments. It appears that many other interesting design approaches are still waiting to be explored. With respect to practical usefulness, a pronounced absorption color change that can be detected without auxiliary means, or a significant fluorescence color change, which affords a ratiometric selfreferencing signal appear preferable over "turn-on" or "turn-off" effects where the read-out not only depends on the actual change, but also the measurement conditions, such as distance from a sample, depth of a defect, etc. However, many systems could be modified into selfcalibrating features by adding a reference fluorophore / chromophore whose optical characteristics do not change and which can serve as internal standard.
Various mechanisms based on charge or proton transfer between molecular species are known to cause fluorescence or UV-visible properties changes and could be of great interest to create microcapsule-based self-reporting polymers. [48] [49] [50] For example, Förster resonance energy transfer (FRET) and electronic energy transfer (EET) between two emissive chromophores or an emitter and a quencher and in a similar manner photo-induced electron transfer (PET) involving an excited electron which is transferred from a donor to and acceptor can be used to induce fluorescence color changes as well as fluorescence turn-off. Moreover, an off-on fluorescence switching can also be achieved by the use of fluorophore-spacer-receptor constructs. [51, 52] For example, the coordination of azobenzene-rhodamine derivative dyads and Al 3+ ions, was found to generate a fluorescence turn-on via a FRET process. In this system, the coordination induces a spirocyclic ring opening of the molecule, which in turn promotes FRET from the azobenzene moiety (donor) to the rhodamine (acceptor). [53] Another example was reported by Gunnlaugsson, who used an anthracene-based fluorescent PET sensor carrying thiourea moieties as binding sites. Upon coordination to a wide range of anions, such as acetates, phosphonates, fluorides the PET fluorescence is quenched, inducing a turn-off effect. [54] Similarly, intramolecular charge transfer (ICT) between a donor moiety and a chromophore-spacer-receptor can be employed to generate different ranges of visual color changes. [55] For example, thiosemicarbazide-naphthalimide-based chromophores and amines can be employed as chromogenic complex, which upon deprotonation generates a red-shift absorption via internal charge transfer with a concomitant visual color change from yellow to purple. [56] Excited-state intramolecular proton transfer (ESIPT) is a fluorescent phenomenon that involves photo-excited molecules relaxing their energy through tautomerization by proton transfer. [57] Usually switched on or off by an analyte, such molecules may also be attractive for self-reporting features. One example involves the 2-(2-hydroxyphenyl)-benzothiazole (HBT)-rhodamine dyad, which upon interaction with tetrafluoroacetic acid switches off its yellow ESIPT emission at 579 nm; the process is reversible and the luminescence can be restoredthrough the addition of a suitable base, e.g., triethylamine. [58] The ESIPT effect can also be induced or suppressed by molecular aggregation, and therefore be employed to achieve AIE or aggregation induced excimer formation. [59] In addition, ESIPT chromophores were also shown to display aggregation-induced enhanced emission (AIEE) [60] or restriction of intramolecular rotation (RIR) and therewith environment-dependent fluorescence characteristics. [59] Molecules that display solvatochromic absorption or emission characteristics can also exhibit pronounced (fluorescence) color changes upon being transferred from a nonpolar solvent into a polar polymer matrix (or vice versa) and appear useful in the context of self-reporting systems. [61, 62] shift of the emission band by as much as 174 nm. [63] Finally, the optical properties of many metal complexes depend on the coordination sphere, and can readily be changed by a simple ligand exchange. [64] The exploitation of molecular logic gates involving the aforementioned fluorescent phenomena seems to be another possible path towards self-reporting materials. Various examples of advanced molecular switches that combine two or three different mechanism (e.g.
ICT-FRET or PET on-off-on) that sense different analytes have been reported. [65] Thus, their implementation into encapsulated system should allow one to create complex systems with dual or multiple fluorescence response. Akkaya's group reported a monostyryl-BODIPY chemosensor carrying dithioazacrown and dipicolylamine ligands that combine PET and ICT mechanisms. While the original emission of the chromophore is centered around 679 nm, the selective coordination of Hg 2+ induces a blue shift to 570 nm via ICT, resulting in a change of the fluorescence color to yellow. When both Hg 2+ and Zn 2+ are coordinated to the chromophore both PET and ICT effects are suppressed, resulting in a drastic increase of the fluorescence intensity and a change to bright orange-colored emission. Thus, these types of systems are suitable for the design of chromic logic gates. [66] Optical upconversion, which relies on triplet energy transfer from a sensitizer (typically a metal complex) to an emitter and subsequent annihilation of two emitter triplets under formation of an emissive singlet excited state is another possibility to generate a fluorescence change, causing light emission at lower wavelength when both compounds interact. [67, 68] For example, the well-known sensitizer/emitter pair palladium octaethylporphyrin (PdOEP) and 9,10-diphenylanthracene (DPA) could be used to switch from red PdOEP phosphorescence to blue DPA fluorescence upon releasing the two individually encapsulated chromophores into a rubbery polymer matrix. [69] The above-discussed chromophores, which are meant to serve as examples for their respective families, appear all readily be applicable in dual microcapsule-based systems, by encapsulating each component separately and allowing their association and interaction upon breakage of the microcapsules. Another way to exploit these systems could be the encapsulation of only one of the two components and the dispersion of the other one into the matrix. Finally, many of the mechanisms summarized here can further be combined with chemical reaction or interaction schemes.
In addition to the investigation of different chromic systems, the development of new characterization techniques is of great interest to expand the capabilities of the approach. Recently, Sottos and co-workers reported the first photoacoustic damage reporting probe, combining photoacoustic (PA) imaging with pH-responsive dyes to generate a turn-on PA signal. [70] Once released into an amine-based epoxy matrix, the dye is deprotonated which causes an absorption shift to a state that is characterized by a large extinction coefficient and thus able to generate a PA signal in the damaged region. Importantly, PA imaging offers damage detection within a material and thus overcomes the fundamental limitation of optical techniques that are typically only applicable to the detection of damages on or near the surface.
From capsules to self-reporting composite materials

Encapsulation and capsules
Microencapsulated products are extensively used in food packaging, as well as in medical, industrial, and agricultural sectors. [71] Consequently, a variety of encapsulation techniques have been developed providing microcapsules that vary in shell and core material types, size and size distribution, permeability, and mechanical integrity. The choice of the encapsulation technique depends on the desired architecture, notably the microcapsule dimensions as well as shell and core types, which in turn have to support the release mechanism at play. Table 1 [71] summarizes the different microencapsulation methods, typical shell materials, and their traditional application areas.
Obviously, the microcapsules used for the preparation of self-reporting materials must be sufficiently robust to remain intact during the processing of composites with a host polymer, and only rupture after the application of force. In addition, a long-shelf life of the capsules is required and thus leakage and diffusion of the encapsulated core, especially the solvent, must be prevented over a significant time period. So far, microencapsulation by interfacial polymerization has been the most commonly used approach for the preparation of microcapsules for self-reporting materials, on account of the simplicity of the process, and the low cost and scalability of the method. The most widely used embodiments encompass the oil-in-water emulsion polycondensation of amines with aldehydes, acid chlorides, or isocyanates, [72] and also of urea-formaldehyde (UF), [73] polyurethane-formaldehyde (PUF), [74] melamine-formaldehyde (MF), [75] melamine-ureaformaldehyde (PUMF), [76] and melamineacrylate, [77] where the polymer shell wall is formed at the interface between the normally hydrophobic droplets and the aqueous continuous phase. During this process, a vigorous agitation emulsified the lipophilic dye solution in the aqueous phase generating small droplets constituting the core of the emerging capsules. Once the reaction is initiated, the polymerization takes place at the water/organic solvent interface and slowly forms the capsule wall. The majority of microcapsules used for self-reporting materials were made using this simple preparation technique. The containers produced feature useful mechanical characteristics, the nature of the liquid core can readily be varied, and a broad range of sensor molecules can easily be integrated. Self-reporting materials demand certain capsule characteristics, and it appears that in-situ polymerization techniques are well suited for their preparation. Nevertheless, a range of techniques remain at researchers' disposal, and may be more appropriate if a specific shell material, size or different core is targeted.
Capsules properties: distribution, size, stability
In interfacial polymerization encapsulation techniques, the microcapsule size can be controlled in a range of 0.5 and 1100 μm by adjusting the agitation rate during the encapsulation process. [78] For example, Brown et al. demonstrated a linear correlation between average diameter and agitation speed for microcapsules prepared by in-situ polymerization and showed that it is possible to robustly produce capsules with diameters ranging from 10 to 1000 µm controlling an agitation rate between 200-2000 rpm. The increase of the agitation rate reduces the droplet size of the emulsion and thereby decreases the average diameter of the capsules and provides a rather narrow size distribution, although high-shear conditions cause fracture of the microcapsules and lead to low yields. [26] By contrast, lower agitation speeds lead to an increase of the microcapsule size and also a broader size distribution, as illustrated in Figure 6A .
The microcapsule size plays an important role in the mechanically triggered release behavior.
Investigations on the delivery of a healing agent demonstrated that capsules with larger diameters led to a more efficient release. [79] White and co-workers established a relationship between microcapsule size and weight fraction, and crack volume and found that a decrease of the capsules' size does not necessarily requires an increase of the capsule content in the polymer to ensure efficient self-healing. Based on these findings, the group rationally designed self-healing systems that were tailored to repair specific types of damage. [80] It stands to reason that developing in a similar manner a fundamental understanding of the relationship between the microcapsules dimensions and the color response of self-reporting materials would be useful to rationally design such systems. A priori, one would suspect that large capsules (which upon one rupture event release a more significant amount of dye than smaller ones) have the ability to elicit more pronounced signals, whereas the spatial resolution could be improved by using smaller containers.
Another important parameter is the shell thickness, which dictates the mechanical robustness of the microcapsules, as well as the permeability of the wall. In interfacial polymerization encapsulation techniques, the shell thickness can be controlled via the monomer to core ratio, processing parameters such as emulsifier concentration and temperature, but also irregularities during the mixing process or contaminated glassware, can also slightly affect the thickness of the shell. [81] Yadav et al. showed that the crystallinity of the polymer can also influence the shell thickness and permeability. [82] The shell thickness and the capsule diameter are not à priori related. However, it has been demonstrated that the distribution of shell thickness seems to increase with the dimensions of the capsules rendering the production of tailored microcapsules difficult. [83] Given these limitations and the fact that one important application of self-reporting polymers is in coatings, which typically feature a thickness in the range of a few to a few tens of µm, more research towards reducing the size of reporter microcapsules appears to be indicated.
Besides the techniques mentioned above, among the different possible encapsulation techniques (Table 1) , microfluidics devices have become an attractive device for the preparation of microcapsules. This powerful technology is currently in its emergence for a variety of applications as it benefits from providing rapid mass delivery, the use of reduced amounts of reagents together with low waste generation. [84] Microfluidic microcapsule fabrication is based on a double emulsion process in which a first fluid is jetted into an immiscible second fluid, which is subsequently surrounded by a third fluid. The capsules are then formed by the polymerization of monomers contained in the intermediate phase (second fluid). A precise control of fluid flow permits the preparation of well-defined capsule shape, diameter and a reproducible shell thickness. All these properties can be modulated by the geometry of the microfluidics devices and the flow rates, as well as the types of fluids. This allows high encapsulation efficiencies and makes this method more robust than other microcapsule production techniques. Indeed, the modulation of the previously mentioned parameters could permit the generation of a variety of microcapsules with highly defined resistance to mechanical damage. Thus, these types of microcapsules could yield the formation of materials with very predictable mechanochromic properties. Similarly to the systems made by interfacial polymerization, microfluidics can also provide monodisperse microcapsules (~ 60 μm) with hydrophobic core and thin shell thickness (less than 1 μm) using water-in-oil-in-water (W/O/W). [85] More detailed investigations on capsule mechanics were reported on capsules made by an oil-in-water-in-oil process. For example, Studart et al.
tuned the shell thickness, size, permeability, mechanical characteristics, and chemical structure of monodisperse microcapsules using microfluidics. [86] The group further predicted the mechanical properties of acrylate-based microcapsules differing in size and shell thickness under compression using fitting models. The study demonstrated that the force to break increases with both, the shell thickness and the diameter of the capsules. [87] Thus, it appears feasible to use the technique to independently control shell thickness and capsule size to dialin a desired rupture force.
Microfluidic processes appear to be well-suited to prepare the above- shell thickness and content amount for an optimized release profile. [88] 
Liquid core and stability
Microcapsules used for damage indication applications must impermeably enclose the core material, protect it from the external environment and remain stable for an extended period of time before eventually delivering the cargo. Preventing the loss of the cargo before any mechanically induced damage during processing, storage, or service is important to avoid any false responses and ensure functionality over time. Elevated processing temperatures, high shear conditions, and exposure to inadequate chemicals or solvents can induce the degradation of the microcapsule shell or result in the diffusion of the core material through the wall and into the host matrix and could cause a premature color change producing a false positive response. Indeed, such effects were shown to impact the function of capsule-based selfhealing polymer systems. [89, 90] The double-walled shell morphology of PUF-based microcapsules made of a smooth internal membrane that is free of pores and inclusions and a rough porous outer surface ( Figure 6B) have been shown to provide improved long-term isolation at room temperature when compared to their analogous UF containers and such capsules were further shown to be highly stable at elevated temperature. [91] Other techniques such as the incorporation of doublelayer microcapsules or protective surface coatings were employed to further improve the stability of the microcapsules. [92] In order to maximize the shelf-life time, the solvent used for the core should ideally be of low volatility and ideally also not or only minimally alter the mechanical properties of the surrounding matrix once released. Examples of core materials used in other applications include migrin oil, ovalbumin, n-octadecane, n-hexadecane, n-eicosane, and butylstearate, all encapsulated in a polyurea shell, [93] and a palm oil based alkyd [94, 95] incorporated in a PUF shell. In the context of self-reporting materials, Credico et al. used sunflower oil as core material to release UV-responsive chromophores from UV-protective shells. [29] In this approach, and similarly as for charge transfer formation or interaction with a component present in the matrix, the faith of the solvent is of lesser importance. By contrast, several of the approaches that can be harnessed to create mechanochromic responses, including the aggregation-based dyes presented in Sections 2.2 and 2.4 and some of the chromophore systems suggested in Section 3, require or benefit from the evaporation of the solvent. Thus, the question arises to what extent adequate compromises between long shelf-life and rapid chromic response are possible. Our own investigations showed that shelf life of months is possible with a chromic response occurring in minutes range but even more efficiently, commercial systems such as carbonless copy paper or pressure indicators seem to have completely solved this issue. Two-capsule systems comprising different low-volatility cores represent a promising approach to improve both, the long-term stability as well as the res-ponse time upon release, as the response would rely on mixing, rather than evaporation. This solution appears to be applicable to dyes that display optical changes upon aggregation, as well as chromophores [96] or nanoparticles [97] with concentration-dependent optical properties.
Composite fabrication
Different techniques can be employed to disperse the capsules into a polymer matrix and produce films or coatings, which represent the most accessible and useful product shapes in which self-assessing behavior can be harnessed. For example, the capsules can be mixed with a monomer or a mixture of monomers which are then cast and cured. Alternatively, the polymer is dissolved or dispersed in a minimum amount of a solvent that does neither swell, nor dissolve the capsule material, the capsules are added, and the composite material is cast and solidified by evaporation of the solvent. If mixtures of low-viscosity are processed, it is possible that the microcapsules sediment and generate inhomogeneous dispersions. This problem can be solved by adjusting the viscosity of the mixture and/or maximizing the volume fraction of the capsules. However, the incorporation of large amounts of microcapsules into polymer matrices can affect the mechanical properties of the system. [37] , [98] Typical self-reporting materials described in the literature thus contain 10-20 wt% of microcapsules. A widely employed technique in the nanocomposite field is to graft polymer chains to or from the surface of the (nano)filler particles to promote their dispersion in and interactions with the polymer host. This strategy might also be useful in the context of the present microcapsule approaches. Beyond helping with dispersion, the entanglements of the grafted polymer chains with the surrounding matrix might directly have an impact on the force transduction to the capsules and might facilitate their rupture. To our best knowledge, however, such modifications have yet to be explored.
Melt-processing is another straightforward option that remains so far unexplored in the context of capsule-based self-assessing polymers. Indeed this approach would offer great advantages for the production of self-assessing films, as sedimentation of the capsules could be avoided, problems associated with the use of a solvent could be circumvented, and processed could readily be scaled up. However, it is not clear to what extent the elevated temperature necessary to melt the host polymers might be damaging the capsules.
Stress-transfer in capsule-containing composites
Many techniques have been developed to characterize the mechanics of microcapsules, such as optical, magnetic and electromagnetic tweezers, micropipette aspiration, shear flow experiments, and force spectroscopy experiments, which in connection with appropriate theoretical models provide detailed information on the deformation properties of individual capsules. [99] Keller and Sottos used single capsule compression tests to investigate the elastic modulus and failure behavior of PUF microcapsules of different diameters. [100] The study revealed similar Young's moduli for PUF capsules of three different diameters (213, 187. 65 μm). However, the capsules size had an effect on the burst behavior, with lower loads burst for smaller capsules. Zhang et al. employed a micromanipulation technique to measure the bursting force required to rupture or deform single microcapsules made with three different shell materials, including MF, UF, and gelatin-gum arabic coacervate, revealing that the mechanical strength increased. More specifically, MF and UF capsules revealed plastic deformations beyond their yield points at 19 and 17% respectively, and a burst deformation at 68% and 35%, while gelatin based microcapsules exhibited an elastic behavior without burst.
Finally, bursting forces and deformations required for MF and UF capsules appeared to proportionally increase with the capsules diameters. [101] These findings reveal that the rupture force can easily be tailored over a wide range (which can be broadened by using other shells and methods), which in turn should allow one to design composites with the same host polymer in which the capsules are activated at different load/deformation levels. Accordingly, it should also be possible to create force-responsive system composed of multiple capsules with different shell materials and/or thickness, which would rupture upon application different forces. Combined with appropriate colorimetric systems, this approach would allow the preparation of visual and quantitative gradient force responsive material.
While many studies have focused on the investigation of single microcapsule mechanics, much less attention was paid to the deformation and rupture of microcapsules incorporated in polymeric materials. Indeed, the primary goal of most studies was to qualitatively detect damages such as deliberately applied scratches. [29] , [40] , [102] It stands to reason that in such experiments, which often involve cuts made with a sharp, rigid tool, the majority of capsules are directly damaged and opened by the tool. By contrast, only few reports have shown that the embedded microcapsules can liberate their content upon mere tensile deformation or compression of the matrix. [37] , [44] , [103] Experiments have revealed capsule rupture at low strains (1.5%) in low-modulus matrices such as poly(dimethylsiloxane), but little is known about the stress transfer from the polymer to the capsules and how the chromogenic responses caused by their rupture can be related to the mechanics of the matrix material. It is clear that more systematic studies are needed to develop a better understanding for the parameters that matter and to enable a quantitative correlation of mechanochromic response with matrix polymer mechanics.
Potential applications of self-reporting microcapsule based systems
Chemical degradation, fatigue, or mechanical impact are common elements that eventually lead to mechanical failure of polymer objects, often after the initial formation of micro-scale damages. [104] Thus, the early assessment of (the onset of) mechanical damage is helpful to prevent eventual catastrophic failure, and enhance the materials' reliability and possibly service time. The self-reporting microcapsule systems discussed in this article appear useful in different ways, ranging from self-reporting strategies to self-healing approaches in which damages to a surface are not only signaled but also instantaneously repaired. [105] The most straightforward, useful, and most-widely addressed application form of selfreporting microcapsules is in coatings, [106] where damages allow chemicals to penetrate the protective layer and cause corrosion of the underlying substrate. Indeed, there are many papers in which the development of capsule-based sensor systems is motivated by the goal to impart coatings and paints with mechanical damage sensing. For example, Sottos and coworkers reported epoxy coatings embedded with self-reporting microcapsules generating a color change from light yellow to red upon mechanical damage and show a stability over 8 months. [34] In another example, Bannwarth et al. developed self-reporting coatings using nanocapsules that contained a solution of a latent dye within the core and which were coated with a developer. Upon mechanical damage, the dye is released and developed upon contact with the developer, leading to a pronounced coloration of the damaged area. This strategy was reported to be useful for the detection of micro-cracks and, in connection with a healing agent that also reversed the coloration of the dye, also to monitor the healing of coatings. [47] Perhaps the most important potential application of such coatings is the structural health monitoring [5] in aerospace, [6] [107] automotive, [7, 8] construction [9, 10] and other industries, where mechanochromic materials can offer enhanced reliability by revealing mechanical damage, wear, or ageing and indicate imminent mechanical failure of structural components via visual warning signs.
For example, Song et al. reported that it is possible to probe microcracks in cementitious materials by employing a coating that comprises microcapsules loaded with a fluorescent dye. [28] As microcracks can limit the mechanical properties and thus load carrying capability of a material (whether ceramic, metallic, or polymeric) and propagate and/or lead to larger defects, it is essential to detect such defects in the initial stage, so that repair or replacement can be carried out before failure occurs.
Self-reporting microcapsules can also be embedded in bulk materials, but unless the material is transparent, thin, or specific techniques are used that permit to "look beyond the surface", [70] sensing remains limited to surface effects. It is also possible to create selfreporting fibers, [108] which may be useful to indicate excessive stress or wear in products such as fishing lines, climbing ropes, and others.
Another possibility is to embed self-reporting microcapsules in thin films, where the most important application area would likely be packaging. While the main function of packaging is the protection of products during transportation and storage, it also has often the function to provide consumers with a sense of security. [109, 110] Thus, the use of self-reporting microcapsules could provide direct information on the integrity of packaging and the quality of the protected product, for example in the food industry. [111, 112] This type of technology may be particularly useful for tamper-evidencing packaging, and to check the integrity of the packaging of products that need to be kept sterile, such as medical supplies and medication. [113, 114] In summary, microcapsule-based mechanochromic systems are versatile, simple to implement, and stand a good chance to replace more complex existing solutions such as sensors that rely on piezoelectric transduction, changes of electrical properties, or optical fiber sensors.
Conclusions and outlook
It appears that the concept to create self-reporting materials on the basis of microcapsules that rupture upon application of excessive mechanical force and release solutions of (latent) dyes has come full circle. While the basic framework has been exploited in carbonless copy paper and pressure-monitoring film technologies for decades, the concept was largely forgotten in the polymer community, until it was re-discovered in the context of self-healing polymers and experienced a veritable revival. The number of reports on mechanically self-reporting polymers made by incorporation of dye-containing microcapsules is still limited, but it is clear that the approach is very useful to create materials that indicate damage or exposure to excessive stress with an optical signal. Moreover, the examples reveal that a range of different architectures and operating principles can be exploited, i.e., mechanochromic effects can be realized with different types of dyes and activation schemes. At the same time, as discussed herein, many aspects remain unexplored. On the one hand, other architectures appear useful, including double-walled capsules that can be exploited to create systems that function independent of the matrix. These architectures can be combined with a range of dyeactivation schemes that have yet to be explored in self-reporting systems and which offer characteristics, notably to achieve quantitative assessments. Most capsules are made by in-situ polymerization techniques, which lead to a relatively large diameter size. Thus alternative fabrication techniques should be of great interest to generate capsules not only with different dimensions but also with various chemical shell structure, which would provide new properties and permit the encapsulation of different core materials. All of these factors can therefore be tuned depending on the area of application or simply open new opportunities.
Finally, little is known about the mechanics of capsules in polymers systematics investigations specifically focusing on the influence of capsule shell materials, the size of the capsules and the thickness toward the hosted matrix and its mode of mechanical deformation are paramount of interest for a rational design of efficient self-reporting materials. [29] , Copyright 2013, American Chemical Society. Reproduced and adapted with permission from Ref. [40] , Copyright 2016, American Chemical Society. Reproduced and adapted with permission from Ref. [26] , Copyright 2003, Taylor & Francis. Table 1 . Overview of different microencapsulation methods with typical shell materials, encapsulated cores and applications. Adapted from Ref [71] .
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